ABSTRACT Villus to crypt ratio (VCR) is used to quantify the microanatomical response of the intestine to various treatments. In early age chickens, comparative effects of the in ovo (i.o.) and s.c. methods of administration (moa) of the Marek's disease (MD) vaccine on 2 types of measurement of small intestinal VCR at 0 and 4 h post-hatch (poh) were investigated. The effects of moa and 4 and 18 h pre-placement holding times (pht) on the VCR measurements at 168 h (7 d) poh were also investigated. In
INTRODUCTION
Prior to the commercial application of in ovo (i.o.) injection technology, s.c. injection of hatchlings by hand, with the use of an automatic pneumatic injector, has been the traditional method of Marek's disease (MD) vaccine delivery (Johnston et al., 1997; Ricks et al., C 2018 Poultry Science Association Inc. 1998). Currently, between 98 and 99% of broilers in the US are vaccinated by i.o. injection (Johnston et al., 1997; Jochemsen and Jeurissen 2002) .
Previous companion articles have reported the comparative effects of i.o. vs. s.c. administration of the MD vaccine and pre-placement holding time (pht) without access to food and water on the early post-hatch (poh) quality (Peebles et al., 2016) , grow-out performance (Peebles et al., 2017) , and processing yield (Peebles et al., 2017) of Ross 708 broilers. In those publications, it was shown that although increasing pht from 4 to 18 h had no effect on processing yield, it adversely affected early chick quality and grow-out performance. Upon consideration of their results and those of earlier studies, Peebles et al. (2017) concluded that a pht without available food and water for 18 h or more can lead to significant reductions in the poh BW of broilers. Peebles et al. (2016) further noted that hatchlings experienced an increase in body length and a decrease in body mass index in response to i.o. injection. However, the overall effects of the 2 methods of administration (moa; i.o. and s.c. injection) of the MD vaccine on the hatchability and grow-out performance of the birds were comparable. Nevertheless, in comparison to s.c. injection, relative tenders weight yield was increased in response to i.o. vaccination.
There were no noted interactive effects between moa and pht on any of the variables in the aforementioned reports by Peebles et al. (2016 Peebles et al. ( , 2017 . In concurrence with those reports, Oliveira et al. (2015) observed no significant interaction between pht (0 and 24 h) and i.o. treatment (trace organic minerals) on broiler performance and bone characteristics, and Zhang et al. (2018) likewise observed no significant influence of i.o. treatment (L-ascorbic acid) on the effects of pht (0 and 48 h) on broiler hatchling quality.
In a recent report, Wilson et al. (2018) described the development of a new method for determining the intestinal villus to crypt ratio (VCR) in broilers, which is based on the ratio of villus to crypt area (VCAR). The VCAR method was further compared to the traditional multiple measurement method in determining VCR, which is based on the villus to crypt length ratio (VCLR). The new VCAR method was described as being a feasible method by which to quantify microscopic intestinal variables, and as being more rapid and pragmatic by allowing for an appreciable reduction in the number of measurements required and as facilitating a larger intestinal segment evaluation. Wilson et al. (2018) also reasoned that the VCAR method may be more reliable than the standard VCLR approach because it was subject to less human error. Wilson et al. (2018) documented a significant reduction of the VCR within the jejunal region of the small intestine across the 2 methods between 18 and 168 h (7 d) of poh age. It was also observed that although VCLR and VCAR measurements were not different at hatch and at 168 h poh, and had comparable mean values for the entire early poh period, VCLR was significantly higher than VCAR at 4 and 18 h poh. Consequently, VCR, as determined by both VCLR and VCAR methods, will be reported in this study.
Morphometric techniques are used routinely to quantify changes in microscopic intestinal variables in response to various intrinsic and extrinsic factors such as bird age, diet, and management practices (Uni et al., 1995 (Uni et al., , 2000 Geyra et al., 2001; Jeurissen et al., 2002; Awad et al., 2008; Marchini et al., 2011; Moghaddam and Alizadeh-Ghamsari, 2013) . A report of the comparative effects i.o. and s.c. injection of the MD vaccine on the intestinal VCR of young broilers is lacking in the literature. The influence of pht on these 2 moa has likewise not been previously investigated. Therefore, using both VCLR and VCAR methods, the objective of the present study was to investigate the comparative effects of the i.o. and s.c. moa of the MD vaccine and 4 and 18 h pht on the intestinal VCR of Ross 708 broilers during the early poh period.
MATERIALS AND METHODS

Research Design and Treatments
The protocols for the current study were approved by the Institutional Animal Care and Use Committee of Mississippi State University. Sixty-five Ross 708 (Aviagen, Inc., Huntsville, AL) broiler hatching eggs, which were obtained from a commercial source, were randomly set in each of 15 replicate incubator trays that belonged to each of 4 pre-assigned moa and pht treatment combinations of a Jamesway model PS 500 setter unit (Jamesway Incubator Co., Inc., Cambridge, Ontario, Canada). At 18 d of incubation, i.o. injections (50 μL) of the MD vaccine (Poulvac R HVT; Zoetis Inc., Florham Park, NJ) were delivered by a commercial multi-egg injector (Embrex Inovoject R m, Zoetis Inc., Durham, NC). After i.o. injection of the MD vaccine, all eggs were immediately transferred to hatching baskets in a Jamesway model PS 500 hatcher unit (Jamesway Incubator Co., Inc.) that corresponded to the respective replicate groups in each pre-assigned moa and pht treatment combination. Information concerning incubation of the eggs in the setter and hatcher units and the candling and selection criteria of the experimental eggs were as described by Peebles et al. (2016) .
At hatch (21 d of age), male (feather-sexed) chicks from eggs that were not i.o. injected received an s.c. injection of the MD vaccine in the back of the neck. The s.c. injections (200 μL) were delivered by an automatic pneumatic s.c. injector (Accuvac TM , Merial Co., Inc., Duluth, GA). Vaccine used for i.o. and s.c. injection was from the same lot, and information concerning vaccine storage and dilution is provided by Peebles et al. (2017) . One full commercial dose (8,960 pfu) of the vaccine was administered in each diluted i.o. and s.c. injection volume.
Sixteen male hatchlings were randomly selected from each of the 15 replicate hatching baskets that were preassigned to each of the 4 moa and pht treatment combinations. The baskets containing the chicks were then placed in floor pens assigned to each specific moa-pht treatment replicate group. The chicks from each i.o. and s.c. treatment group were subjected to either a 4 or 18 h pht without access to feed and water before being turned out of their basket and released into their floor pen. All 60 floor pens provided similar standard brooding conditions (Bruzual et al., 2000) , and provided each chick with approximately 0.07 m 2 of floor space on fresh wood shavings. After chicks were released from their baskets upon completion of their respective pht, they were provided ad libitum access to feed and water. A full description of the housing conditions and diets is provided by Peebles et al. (2017) .
The birds were grown out through 168 h poh. Only the effects of moa (i.o. vs. s.c.) were evaluated at 0, 4, and 18 h poh. At 0 poh (hatch), 2 chicks were randomly selected from each of 30 replicate pens within each moa treatment across each pre-designated pht treatment. Data for each pht within each moa at 0 h poh were averaged prior to analysis, so that 15 replicate means represented each moa group at that time. Histomorphic samples at 0 h were collected after the s.c. injections were administered. At 4 h poh, 2 chicks were randomly selected from each of 15 replicate pens within the i.o. moa-4 h pht and s.c. moa-4 h pht treatment combination groups. At 18 h poh, 2 chicks were randomly selected from each of 15 replicate pens within the i.o. moa-18 h pht and s.c. moa-18 h pht treatment combination groups.
At 168 h poh, 2 chicks were randomly selected from each of 15 replicate pens belonging to each of the 4 specific moa-pht combination (i.o. moa-4 h pht, i.o. moa-18 h pht, s.c. moa-4 h pht, and s.c. moa-18 h pht) treatment groups. Histomorphometric measurements of mean VCLR and VCAR at all time periods were taken on 15 intestinal sections from the mid-gut (jejunum) region of each of the selected chicks. There are numerous studies documenting major differences in the size of villi and crypts in normal broiler chickens both with respect to intestinal site and age. In general, villi size decreases in progression from the duodenum to the jejunum and then to the ileum. As only one site was selected for evaluation, the jejunum would provide for an intermediate site for villus size evaluations. Lee et al. (2010) has documented that the 3 regions share similar responses to a variety of microbials and immunizing agents. Furthermore, the villus lengths and crypt depths in the mucosa of the jejunum of birds have been previously used in other studies to determine the enteric response of birds to microbials (Miśta et al., 2016) and nutrients (Uni and Ferket, 2004) .
The histomorphic measurement methodologies used for determination of VCLR and VCAR were as described by Wilson et al. (2018) . Samples used for histopathology were taken from the jejunum and fixed in neutral buffered formalin. Sections that were 5 μm thick were stained with hematoxylin-eosin, prepared by paraffin embedding and histological processing, and were evaluated using standard light microscopy. Quantitative histomorphometric measurements of intestinal villus lengths and areas were performed using NIH ImageJ software (Ferreira and Rasband, 2012) . The length of both the villi and crypt regions of a total of 10 selected complete full-sized intestinal villi, not exhibiting bending or mechanical damage, was measured in each individual sample. Measurements were made from photomicrographs taken at ×100 magnification. From the same photomicrograph regions, total mucosa and crypt area measurements were made for a determined length of intestinal segment, and villus area was calculated by subtracting crypt area from total mucosa area. All measurements were made by a single individual. Crypt to villus ratios using the length and area data were then computed. In each jejunal region, the VCLR values were based on 10 villus and crypt length measurements, whereas the VCAR 
Statistical Analysis
A completely random experimental design was employed. There were 15 replicate units (pens) that belonged to each moa-pht treatment combination, and individual bird sample data taken within each of the replicate units were averaged before analysis. The VCLR and VCAR variable data at 0, 4, and 18 h poh were analyzed in a split-plot design with moa as the whole plot factor and with bird age as the split-plot factor. The VCLR and VCAR data at 168 h were analyzed by 2-way ANOVA in a 2 moa (i.o.-injected and s.c.-injected) × 2 pht (4 and 18 h) factorial arrangement of treatments to test for the main and interactive effects of moa and pht. In the above analyses, moa, pht, and age were considered as fixed effects, and replicate pen as a random effect. All data were analyzed using the MIXED procedure of SAS software 9.4 (SAS Institute, 2012). Least squares means were compared using Fisher's protected LSD in the event of significant global effects. F tests were performed to evaluate treatment effects, and comparison of least squares means was achieved using t tests (Littell et al., 2006) . Statements of significance were based on P ≤ 0.05 unless otherwise stated.
RESULTS AND DISCUSSION
Examples of the microscopic appearance of intestinal measurements by routine histological methods for determination of VCLR and VCAR are presented in Figure 1 . For VCLR in the very early poh period (0, 4, and 18 h), there was no significant (P = 0.1177) moa × bird age interaction, and there was no significant (P = 0.2781) main effect due to bird age. However, it is noteworthy that mean VCLR and VCAR values across treatment and bird age in the 0 to 18 h poh time period were 7.38 and 6.99, respectively, whereas those values across treatment in the 168 h time period were 4.05 and 3.78, respectively.
Across the linear and area methods employed for calculation of VCLR and VCAR, Wilson et al. (2018) also observed that VCR values ranged from 6.82 to 7.60 between 0 and 18 h poh, but decreased significantly from 7.15 at 18 h to 3.91 at 168 h. Wilson et al. (2018) further reported that the jejunum VCR results that they observed were similar to those reported in other previous studies. Awad et al. (2008) reported VCLR values in the ileum of broilers at 35 d of age to be 4.86, Saki et al. (2011) observed VCLR values in chickens at 14 d of age to be 4.07, and Moghaddam and AlizadehGhamsari (2013) reported normal jejunum VCR values for 21 day-old broilers to be 3.65. These earlier reported values are similar to those for VCLR (4.03) and VCAR (3.78), as well as for mean VCR (3.91), across method at 168 h (day 7) that were reported by Wilson et al. (2018) . Therefore, it may be surmised that the significant reduction in VCR noted by Wilson et al. (2018) between 18 and 168 h poh is indicative of a declining VCR ratio in maturing broiler chicks during the first week of poh life.
The perinatal period is well known as a time when intestinal development in young broiler chicks is most rapid (Iji et al., 2001 ). In the intestine of broilers, Uni et al. (1995) noted the initial appearance of a crypt layer at 16 d of incubation, and Uni et al. (2000) further observed that the jejunal crypts of young chicks developed rapidly during the first 108 h of the poh period, with more than 80% of the proliferating epithelial cells becoming concentrated in the crypts by the end of that period of time. The current results and those of the aforementioned reports suggest that in comparison to the villi, the intestinal crypts of broilers undergo a greater proportional rate of development during the first week of poh age.
There was a significant (P = 0.0013) main effect due to moa for VCLR in the 0 to 18 h poh period. Across bird age, mean VCLR in the i.o. and s.c. moa treatment groups was 6.86 ± 0.221 and 7.91 ± 0.224, respectively, with VCLR in the i.o. treatment group being significantly lower than that in the s.c. treatment group. These results indicate that in comparison to the s.c. treatment group across the 0, 4, and 18 h poh periods, crypt length in the i.o. treatment group was greater in proportion to that of villus length. Previous reports of the comparative effects of the i.o. and s.c. injection of the MD vaccine on the VCR of the intestinal mucosa of broilers are lacking in the literature. Nevertheless, based upon the inverse relationship between VCR and the early poh maturation of the jejunal mucosa, the current results would alone suggest that by reducing VCLR, i.o. injection of the MD vaccine at 18 d of incubation promotes the earlier mat- uration of the jejunal mucosa in comparison to that of s.c. injection.
In contrast to VCLR, there was a significant (P = 0.0366) moa × bird age interaction for VCAR (Table  1 ). The highest VCAR value was observed in the s.c. treatment at 0 h poh. It was higher than that at 18 h poh in birds belonging to both the i.o. and s.c. treatments, with intermediate values observed in the i.o. treatment at 0 h and in the s.c. treatment at 4 h. Furthermore, the VCAR value in the i.o treatment at 4 h was lower than all the aforementioned groups. Wilson et al. (2018) found that VCLR was significantly higher than VCAR at 4 and 18 h poh, but that they were not significantly different at 0 and 168 h poh. It is suggested that the contrasting VCLR and VCAR results in the current study are related to changes in the congruence between VCLR and VCAR during broiler chick development between 0 and 168 h poh that were noted by Wilson et al. (2018) .
There was a significant (P = 0.0131) moa × pht interaction for VCLR at 168 h poh (Table 2) . Mean VCLR in the birds that received an s.c. vaccination followed by an 18 h pht was higher than that of birds that received an s.c. vaccination at 4 h or an i.o vaccination at 18 h. Values intermediate to those were observed in birds that received an i.o vaccination followed by a 4 h pht. However, there was no significant (P = 0.2084) moa × pht interaction or main effect due to either moa (P = 0.6058) or pht (P = 0.8761) for VCAR at 168 h poh. Peebles et al. (2017) observed that an 18 h pht without food and water led to associated decreases in poh feed consumption through 28 d and BW gain through 35 d in Ross 708 broilers. However, i.o. injection did not affect hatchability or early poh chick quality (Peebles et al., 2016) , and except for i.o. injection increasing relative tenders weight in comparison to s.c. injection (Peebles et al., 2017) , there was no significant main effect of moa (i.o. or s.c.) of the MD vaccine on grow-out performance (Peebles et al., 2017a) and processing yield (Peebles et al., 2017) . Furthermore, there were no interactive effects of pht (4 or 18 h) and moa on early poh quality (Peebles et al., 2016) , grow-out performance (Peebles et al., 2017) , or processing yield (Peebles et al., 2017) .
The interactive effect of moa and pht on VCLR in the current report contrasts with the previous results observed by Peebles et al. (2016 Peebles et al. ( , 2017 . However, these combined results indicate that although moa does not display an influence on pht at the performance level, it does have an effect at the cellular level in the intestine. More specifically, moa of the MD vaccine may alter the effects of pht on VCLR. This finding warrants the initiation of further research concerning the possible influence of moa of the MD vaccine on other physiological variables in broilers subjected to a delayed pht.
